Introduction
Agricultural productivity in Sub-Saharan Africa has received increasing attention from international donors, NGOs, and governments because it is much lower than in most other regions of the world and its enhancement is seen as an essential precondition for sustainable economic development (Collier and Dercon, 2014 ). An important instrument for enhancing productivity is the empirical analysis of productivity because it can help to improve managerial decisions and public policy formulation (Ferrantino et al., 1995) . Increasing concerns regarding food security, natural resource management, and poverty reduction are additional reasons for a rapidly increasing interest in empirically analyzing productivity and efficiency in the agricultural sector (Hassine, 2009 ). This paper contributes to this literature, firstly, by providing a comprehensive analysis of the productivity of sugarcane production in Ethiopia and, secondly, by comparing the plot-level productivity of outgrowers and a large-scale plantation using a flexible nonparametric kernel regression method for both continuous and categorical explanatory variables.
In recent years, sugarcane production around the world has increased tremendously. The main driving forces behind this increase are increasing demand for sugar and sugar products and the use of sugarcane for biofuel (bioethanol) production. An increasing emphasis on sugarcane production and processing can also be observed in Ethiopia due to rising domestic demand for sugar, a desire for ethanol production from molasses to halt huge expenditures on oil imports, and the aspiration to earn foreign currency from sugar export (Lavers, 2012) . Therefore, sugarcane production and processing is among the sub-sectors which have received the highest priority in the five-year Growth and Transformation Plan that the Ethiopian government has been implementing since 2010 /2011 (MoFED, 2010 ).
An increase in sugarcane production can be achieved by increasing land use for sugarcane production and by improving the productivity of sugarcane production. Kostka et al. (2009) show that about 60% of the global increase in sugar production over the last 40 years has been achieved through land expansion rather than through productivity gains. Msuya and Ashimogo (2005) show that the high growth rate in sugarcane production achieved both by outgrowers and estate farms in Tanzania has been attained through the expansion of land under sugarcane production rather than through productivity improvements. However, further land expansion for sugarcane production is limited by declining land availability and low tolerance to further damage to the environment (Msuya and Ashimogo, 2005) . Hence, significant increases in the productivity of sugarcane production are essential for the growth of the sugar industry. Furthermore, the increased productivity of sugarcane production is a key factor in improving the competitiveness of the sugar industry on the global market.
However, the intended increase in sugar production in Ethiopia is so large that it cannot solely be achieved by productivity enhancements. Thus, the land area used for sugarcane production is currently being rapidly increased and this has-together with other large-scale agricultural investments in food and non-food crop production-resulted in massive competition for land and water with local smallholder farmers. This situation can be observed not only in Ethiopia, but also in many other developing countries. Most land expansion for sugarcane production is through largescale plantations, which often face strong resistance from local communities. Furthermore, the establishment of large-scale plantations has been highly criticized by many local and international NGOs for its perceived negative effects on the livelihoods of local communities. It has been suggested that the use of outgrower schemes can minimize the perceived negative effects. Abate and Teshome (2013) state that in developing countries like Ethiopia, where smallholder farmers take the largest share in agriculture, outgrower schemes and contract farming are politically more acceptable than alternative forms of agricultural investments.
The literature on outgrower schemes and contract farming has so far focused to a great extent on examining the income effects of these schemes (e.g. Warning and Key, 2002; Bolwig et al., 2009; Bellemare, 2012) and the conditions under which these schemes benefit small-scale farmers (e.g. Glover, 1987; Nijhoff and Trienekens, 2010; Barret et al., 2012) . Few studies, largely unpublished, analyze the effects of outgrower schemes on productivity and very few investigate sugarcane productivity. Msuya and Ashimogo (2005) compare the productivity of sugarcane outgrowers with rice producers in India and find that rice producers have a slightly higher productivity. Mahadevan (2007) examines the impact of land tenure and ethnicity on the productivity of sugarcane in Fiji and reports that Indo Fijians are more productive than their native counterparts. Khan (2006) estimates plot-level productivity of sugarcane production by the types of water ownership and reports that the average productivity is highest on plots where water is sourced from privately owned tube wells.
Though outgrower schemes and nucleus estate (i.e. vertically integrated factory-operated) production are the dominant forms of sugarcane production in many African countries, the relative productivity of these two production models has not been sufficiently examined. Hence, the aim of this study is to fill this gap in the literature by comparing outgrowers' sugarcane productivity with the productivity of a factory-operated plantation in Ethiopia. Our theoretical considerations are based on principal-agent theory and they suggest that outgrower plots should have a higher productivity than factory-operated plots. We test this hypothesis in our empirical analysis.
Our study is distinct from previous studies in three important aspects. First, in our study, the outgrowers and the factory have similar plot sizes, produce the same crop, have equal access to credit and input markets, and use the same inputs and the same technology so that the organizational form of the production (and hence the incentives to the workers) is the only significant difference between the production on the outgrower-operated plots and the factoryoperated plots. Hence, identified differences in productivity between the outgrower-operated plots and the factory-operated plots can be attributed to the organizational form of production and hence the incentives to the workers. Second, our dataset contains a wide range of plot-level characteristics (e.g. soil type, cane variety, production cycle), which allows us to control for possible plot level differences. Third, we use a kernel regression method, which allows us to flexibly estimate the production function without imposing a priori assumptions regarding the functional form of the relationship between inputs and output, the influence of the categorical variables, and the interactions effects between all explanatory variables.
The structure of this paper is as follows. Section 2 reviews the literature on productivity and its relation with incentives and moral hazard, e.g. based on principal-agent theory. Section 3 briefly describes recent developments within the Ethiopian sugar industry and provides background information about the Wonji-Shoa Sugar Factory and the adjacent outgrower schemes. In sections 4 and 5, we describe our data set and present the econometric framework of our study, respectively.
Our main findings are presented in section 6 while section 7 concludes the study.
Incentives, moral hazards and sources of variation in productivity
The relationship between farm size and productivity has been examined since the 1960s, but it is still one of the most debated topics in the development economics literature. Driven by the rapid increase in private large-scale land acquisitions, a revival in plantations and other forms of largescale commercial agriculture has been observed in Sub-Saharan Africa since the mid-2000s. Therefore, policy making for African agricultural development will continue to be driven by the small-scale versus large-scale farm productivity discourse (Smalley, 2013) . Although this paper focusses on examining the effect of the organizational form of production 1 on productivity, first we briefly review the literature on the relationship between farm size and productivity because the organizational form of production may be the most important argument for an inverse relationship.
Relationship between farm size and productivity
Most micro-level empirical studies that analyze the relationship between farm size and land productivity find an inverse relationship (e.g. Chayanov, 1926; Mazumdar, 1965; Berry and Cline, 1979; Collier, 1983; Cornia, 1985; Benjamin 1995; Barrett, 1996; Kimhi, 2006; and Barrett et al., 2010) . The early explanations for the inverse relationship between farm size and land productivity were based on the theory of labor market segmentation or factor market imperfections (e.g. Sen, 1966; Mabro, 1971; Berry and Cline, 1979; Eswaran and Kotwal, 1986; Sen, 1996; Heltberg, 1998) .
In these early explanations, small-scale farming was identified as family farms, while large-scale farming was identified as plantation-type production (e.g. Mabro, 1971 ). Family farming is based on the use of underemployed household labor so that it faces a lower effective labor price (lower opportunity cost of labor) than plantations and thus, uses more labor per area unit to produce a higher output per area unit than plantation-type production (Mazumdar, 1965; Sen, 1966; Mabro, 1971) .
A second group of studies (e.g. Feder, 1985; Eswaran and Kotwal, 1986; Ellis, 1993) uses the principal-agent framework to explain the inverse relationship between farm size and land productivity. The authors argue that household labor involves lower supervision costs and lower information asymmetries than hired labor because household laborers on small-scale farms have
proper incentives to cultivate their land efficiently. We return to this in the next sub-section.
The third group of explanations is related to methodological issues such as omitted variable biases due to missing information on soil quality (e.g. Bhalla and Roy, 1988; Benjamin, 1995; Lamb, 2003) ; measurement errors (Lamb, 2003) ; misspecification of the functional form of the production function (Lipton, 2010) ; and unobserved heterogeneity between farmers (Assuncao and Ghatak, 2003) . However, some recent studies reject the claims that the inverse relationship is related to methodological issues. Barrett et al. (2010) include plot-level soil quality-obtained by laboratory soil tests-as the additional explanatory variable and conclude that only a very limited share of the inverse relationship can be explained by the differences in soil quality. By using data from a Ugandan household survey in which the household´s self-reported land size was complemented by plot-size measurements collected using the Global Positioning System (GPS), Carletto et al. (2013) argue that the inverse relationship cannot be explained by measurement errors in land size. They conclude that when more precise measures of land size are used, the evidence for an inverse relationship is even strengthened. Verschelde et al. (2013) investigate the relationship between the farm size and farm productivity of small-scale farmers in Burundi using a nonparametric regression approach that avoids potential bias due to the choice of an unsuitable functional form (as suggested by Lipton, 2010) . Their findings also support the existence of an inverse relationship. However, based on an extensive review of the experiences of large-scale farming and plantation farming in Africa, Gibbon (2011) concludes that low productivity is not an inherent characteristic of largescale farming and plantation farming. More recently, Collier and Dercon (2014) state that most of the literature that studies the inverse relationship compares very small farms with slightly larger farms, instead of comparing small-scale family farms with large-scale commercial plantations. Ferrantino et al. (1995) point out that while productivity is determined by the underlying production technology and input quantities, other factors such as the organizational form of production may also influence the relative productivity of firms. The effect of the organizational form of production on relative productivity is most often investigated within the framework of principal-agent theory.
Organizational form of production and relative productivity
The principal-agent literature mainly deals with a situation where the principal (the employer)
contracts an agent (employee) to perform a job on his/her behalf (Eisenhardt, 1989) . The principalagent problem arises when: (i) there is disparity between the interest and objectives of the two parties; (ii) the principal does not have full information about the agent´s behavior, i.e. when it is technically or economically infeasible for the principal to precisely observe the quality of the job performed by the agent with regard to timing, effort exerted, and thoroughness, and; (iii) when the two parties have different risk strategies (i.e. risk averse, risk neutral or risk-taker) (e.g. Ross, 1973; Harris and Raw, 1979; Hölmstrom, 1979; Sanford and Oliver, 1983; Key and Runsten, 1999) .
When the incentives of the agent are not sufficiently aligned with the objectives of the principal to eliminate or mitigate the shirking of the agent, and it is too costly for the principal to monitor the agent´s behavior, the agent may not put his/her maximum effort into the production activity due to the presence of moral hazard, which results in the reduction of the principal´s outcome (Ross, 1973; Eisenhardt, 1989) . Sharecropping, where the land owner and the farmer share both the output and the risk equally, is the most examined production arrangement in agriculture (Allen and Lueck, 1992) . In the case of sharecropping, the farmer has a strong self-interest in a successful crop and no incentive to shirk, while the land owner can also assume that the farmer puts great effort into the production processes without needing to confirm it (Miller and Whitford, 2006) .
The incentive structures both for farm managers and laborers play an important role in determining farm productivity. While outgrower production and other small-scale farming activities are mostly based on family laborers, large-scale production depends on hired labor, which may decrease its relative productivity due to principal-agent problems. Large-scale agricultural production usually has complex management hierarchies with many layers of principals and agents in the principal-agent ladder 2 , which may also affect productivity (Levačić, 2009 (Eisenhardt, 1989; Deininger, 2011) . It is usually assumed that the amount of effort exerted by hired laborers-i.e. how hard or carefully they perform their work-depends on the level of supervision (e.g. Key and Runsten, 1999) . Using plot-level data on Indian rice farms, Frisvold (1994) found that low effort exerted by wage laborers who were not sufficiently supervised by family laborers resulted in considerable output loss, which was greater than 10% of the output on more than 40% of the plots. One way to increase the productivity of hired laborers is through incentive payments, i.e. paying laborers based on type and magnitude of the task rather than a fixed wage (e.g. Paarsch and Shearer, 1999) . However, especially in agriculture where the effect of low quality effort is not immediately observed, payments based on the type and magnitude of the task may not only increase the amount of tasks that the laborers complete per hour, but also reduce the quality of the work performed. Paarsch and Shearer (2000) found that although a payment system based on the magnitude of the task increased the productivity of tree-planting laborers by about 22.6%, only a small part of this could be attributed to valuable output because laborers reacted to the payment incentives by reducing the quality of their work. Thus, moral hazard due to principalagent problems and the related labor supervision costs make the effective labor costs higher on large-scale farms than on smallholder plots (Feder, 1985; Smalley, 2013) , which reduces the relative productivity of large-scale farms. Contract farming (outgrower schemes) provides an opportunity for smallholder farmers to take advantage of the relatively high productivity of family labor (Smalley, 2013) .
Recent development within the Ethiopian sugar sub-sector
Ethiopia started the implementation of a five-year Growth and Transformation Plan ( Table 1 summarizes the sugarcane land area and the sugar and ethanol production capacity of the existing sugar factories and the new sugar factories that are currently under construction.
TABLE 1 HERE
Ethiopia has one of the highest sugarcane yields (land productivity) in the world (see Figure 1 ).
While Ethiopia exports a small part (about 7% in 2013) of its sugar production to the European Union (EU) to take advantage of the duty-free and quota-free access for sugar exports from developing countries, it imported more than half of its domestic sugar consumption in 2013.
However, the Ethiopian sugar sub-sector aims to become self-sufficient and to start exporting sugar (in addition to the preferential exports to the EU) in 2015.
FIGURE 1 HERE

Wonji-Shoa Sugar Factory
When the Wonji Sugar Factory began production in 1954 it was the first sugar factory to be established in Ethiopia (Ethiopian Investment Agency, 2012) . In order to meet the increasing demand for sugar in the country, the Shoa Sugar Factory was set up in 1962 under the same management about 7 km away from the Wonji Sugar Factory. The two factories (Wonji and Shoa)
together cultivated about 5,900 ha of sugarcane on their own plantations and had a joint crushing capacity of 3,000 tons of cane per day. In late 2014, the two sugar factories were closed down and replaced by a new Wonji-Shoa sugar factory, which has a crushing capacity of 6,250 tons of cane per day; more than double the joint cane crushing capacity of the two previous sugar factories. In addition to its own production, the factory also sources sugarcane from outgrowers. The geographic location of the Wonji-Shoa sugar factories, their factory-operated plantation and the plots of the adjacent outgrowers are illustrated in Figure 2 .
3 Five factories in the South Omo Zone, three factories in Tana Beles in the Amhara Regional State, one factory in Arjo Didessa in Oromoa Regional State, one factory in Welkayt in Tigrai Regional State, and one factory in Kesem in Afar Regional State (Ethiopian Sugar Corporation, 2014) . Six of the new factories are expected to commence production in 2015/16. The construction of the remaining five factories is expected to be finalized by 2020. The total investment in the construction of these 11 sugar factories is estimated to be around 5 billion $US (Ethiopian Sugar Corporation, 2014).
Sugarcane Outgrower Schemes in the Wonji-Shoa Area
The land area used by the factory for sugarcane production has remained the same since the 1960s due to a lack of unoccupied land in the vicinity of the factory that is suitable for sugarcane production. In order to increase the supply of sugarcane, seven sugarcane outgrower associations were established in 1975/76. Participation in the outgrower scheme was not on a voluntary basis. In the selected villages, all farmers who had suitable land for sugarcane production had to join the scheme or leave their land. The schemes were designed in such a way that all farmers in a given outgrower association were allocated an equal amount of land regardless of the amount of land they originally contributed to the association. However, the amount of land owned by the outgrowers varies depending on the association and ranges between 0.2 and 6.0 ha. The sugarcane fields are jointly managed by the sugarcane outgrowers. Unless the outgrowers face a shortage of laborwhich sometimes happens during peak planting and weeding seasons-the outgrowers undertake all the labor work on their plots except for harvesting, which is done by factory laborers. All sugarcane outgrowers are supposed to undertake the same amount of work, which can be on their own land or on other parts of the same plot that belong to other members of their outgrower association. The outgrowers receive a down-payment for their work on the sugarcane fields based on a fixed daily rate or according to the piece of work they have performed. After harvesting the sugarcane, the profit made on the plot (i.e. the revenue from selling the sugarcane minus all costs and the downpayment for the labor) is shared among all owners of the plot according to their share of land on the plot. Hence, this outgrower arrangement is a form of co-operative farming. The sugarcane productivity has a large effect on the outgrowers' income because nearly 60% of the land that is cultivated by the outgrowers is used for sugarcane production and more than 50% of the outgrowers do not grow any crops other than sugarcane.
FUGURE 2 HERE
In order to further increase the supply of sugarcane, additional outgrower associations were established in 2008, 2011, and 2013 and this process is still going on. In the 2013/14 harvesting season, outgrowers supplied about 40% of the total cane that was crushed by the Wonji-Shoa Factory. Table 2 presents a summary of the outgrower associations that are attached to the WonjiShoa sugar factory. 
Contractual Arrangement of the Outgrower Schemes in the Wonji-Shoa Area
The Wonji-Shoa sugar factory and the Wonji Area Sugarcane Growers Union 4 have a formal contract that is renegotiated every three years. The sugar factory provides the outgrowers with all inputs used in sugarcane production such as cane seeds, fertilizers, pesticides, and machinery, where the contract specifies standard input quantities per hectare that outgrowers are supposed to apply. The contract also determines the prices of these inputs, the sugarcane price, the tasks that the outgrower associations have to perform, farm management plans, wage rates for harvesting and the down-payments for the outgrowers' work , and payment rates for different overhead costs for the three-year contractual period. All input costs (including the down-payments for the outgrowers' work) are initially disbursed by the factory. When the sugarcane of a plot has been harvested, the factory calculates the value of the sugarcane, deducts all corresponding advance payments, and transfers the remainder to the Wonji Area Sugarcane Growers Union, which then transfers the money to the outgrower associations.
Although the outgrower associations have their own supervisors, the Wonj-Shoa Factory assigns its own supervisors to monitor the outgrowers' sugarcane production activities, e.g. the amount of labor and other inputs. All production activities from land preparation to harvesting are jointly planned and managed by the outgrower associations' management committees, agronomists employed by the Wonji Area Sugarcane Growers Union, and the outgrowers department of the Wonji-Shoa factory. The outgrowers are required to sell all their output (sugarcane) to the factory.
The sugarcane outgrower associations have the land-use rights (ownership) as a whole, but not the individual members so that the individual outgrowers do not have the decision power to renew or reject the contract when it expires. Since there is no exit option, in practice the farmers are locked into a lifelong contract to supply sugarcane to the factory.
Principal-Agent Relationships
We illustrate the principal-agent relationships in the Wonji-Shoa factory-operated plantation and in the outgrowers' sugarcane production in Figure 3 . The left-hand side of the figure demonstrates that factory-operated sugarcane production has many layers of principal-agent relationships. In all these layers, there is information asymmetry as the principal does not have full information about how the agents at the lower level act. Thus, there is the potential for moral hazard at every level of the principal-agent relationships.
In contrast, the right side of the figure demonstrates that the outgrower schemes have far fewer layers of principal-agent relationships. Furthermore, information asymmetry between the principal and the agent is lower than in the factory-operated sugarcane production as the principals and agents live in the same village and know each other much better than the principals and agents in the factory-operated sugarcane production. Moreover, the members of the outgrower associations have high incentives to monitor the efforts of each other (i.e. there is peer pressure) and of the committee members because all outgrowers who jointly cultivate a sugarcane plot share the profit so that the income of each outgrower depends on the effort of the other outgrowers. Furthermore, the members of the outgrowers' management committees are also outgrowers who receive a share of the profits and moreover, if the sugarcane production is highly profitable, it increases their chance of being re-elected by the outgrowers' general assembly for the following three-year term.
The principal-agent relationship between the factory and the outgrower associations does not provide significant incentives for shirking because the information asymmetry between the factory (principal) and the outgrowers (agent) is very limited since the outgrowers are paid based on the weight of the cane that they supply to the factory, which means that the outgrowers bear all the risks of low effort. The only risk for the factory is a low supply of sugarcane, which may result in low capacity utilization and thus, lower profits for the sugar-factory.
FIGURE 3 HERE
Based on the literature reviewed in section 2, the contractual arrangement described in section 3.3 and the principal-agent relationships presented in this section, we expect that the productivity will be-ceteris paribus-higher on outgrower-operated plots than on the factory-operated plantation.
Data
In our empirical analysis, we use a new cross-sectional plot level-data set that we constructed based on data that we received from the Wonj-Shoa Sugar Factory and the Wonji Area Sugarcane Growers Union. It includes production data from all sugarcane plots that were harvested in the production year 2011/2012 by the factory and by six of the seven "old" adjacent outgrower associations that were established in 1975, while production data of one of these old outgrower associations was not available. 5 Our data set consists of 377 plots of which 54 are outgrower-operated plots and 323 are factory-operated plots. 6 We excluded five factory-operated plots from our empirical analysis, because we identified them as outliers. 7 Descriptive statistics of the data are presented in Table 3 .
Our data show that the outgrowers achieve a much higher sugarcane yield (measured in quintals per ha; one quintal = 100 kilogram) than the factory. As the sugar content in the cane is about the same for outgrowers and the factory, the sugar yield is also much higher for outgrowers than for the factory. The inputs used in the sugarcane production are aggregated into four categories: land area (plot size), labor, intermediate inputs, and machinery. Labor input is computed as the total expenditure on labor (i.e. all labor costs related to sugarcane production starting from land preparation up to and including harvesting). Machinery input is measured as all the expenditures related to the use of machinery in the sugarcane production process. Intermediate material inputs are the total expenditure on cane seed, fertilizers, herbicides, pesticides and fungicides. Since the wage rates for specific sugarcane production activities, the input prices, and the machinery costs are the same for both the outgrowers and the factory-operated sugarcane production, the costs of these inputs are suitable measures of input quantities. While the outgrowers use significantly more labor and intermediate inputs, they use significantly less machinery than the factory.
In addition to input and output quantities, our data set contains information on a wide range of plotlevel characteristics, which could potentially influence the sugarcane yield: soil type, cane variety, production cycle, planting or ratooning month, duration of the growing period, and the number of rainy seasons that the cane passed in the field. While the duration of the growing period (ranging between 10 months and 25 months) is a numeric variable, the remaining characteristics are expressed as (ordered or unordered) categorical variables. Compared to the factory-operated plantation, the growing period is, on average, longer for the outgrowers (17.2 months vs. 15.5 months), while a much higher percentage of their cane had been grown over two rainy seasons (46.3% vs. 28.3.%), which may in part explain the outgrowers' higher labor use and higher yields.
much shorter time on the new plots than on the old plots, which is expected to result in higher productivity on the new plots; (b) most managers and laborers on the new plots have much less experience than the managers and laborers on the old plots, which could result in lower productivity on the new plots; (c) the new plots are irrigated by drip irrigation, while the old plots are irrigated by furrow irrigation, which could influence productivity, e.g., through labor use for irrigation and sugarcane yield. Thus, differences in the productivity between the new (outgrower-operated) plots and the old factory-operated plots (or the old outgrower-operated plots) may have many explanations so that it is impossible to identify the effect of contract farming on productivity based on the new plots.
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The total sugarcane area of the six outgrower associations and the factory covered by this study are 907 ha and 5900 ha, respectively. Our sample covers 602 ha of the outgrowers' sugarcane fields and 4091 ha of the factoryoperated sugarcane fields. This is equivalent to 66% of the total outgrowers' sugarcane area and 69% of the factoryplantation. The remaining sugarcane areas were not harvested in the production year 2011/1012 because sugarcane needs more than 12 months to mature (see Table 3 ). 7 One plot had implausibly high labor costs, while the remaining four plots were planted with two cane varieties that were only used on these four plots which had extremely low yields and productivity.
While the proportion of different subtypes of loamy soils (soil types "A1," "A2," "B1.4," and "BA2") differs significantly between factory-operated plots and outgrower-operated plots, the share of sandy soils (soil type "C1") is around 32% for both factory-operated plots and outgroweroperated plots. As the first cane production cycle (the so-called plant crop) requires extensive land preparation with machinery, in contrast to the following production cycles (the so-called ratoon crops), the significantly higher proportion of plant cane at the factory-plantation (26.4%) compared to the outgrowers (20.4%) may, to a certain extent, explain the factory's higher machinery costs. No planting or harvesting (and thus ratooning) takes place during the rainy season, which is July, August, and September. 
Econometric Specification
In order to investigate the plot-level productivity of factory-operated and outgrower-operated sugarcane production for the Wonji-Shoa sugar factory, we estimate a plot-level production function with sugarcane production as output and land, labor, intermediate inputs, and machinery as inputs. The sugarcane production is not only affected by the level of input use, but may also depend on the production cycle, the planting/ratooning month, the duration of the growing period, the harvesting months, the soil type, and the cane variety. Therefore, our econometric model must take these plot-level characteristics into account. The most frequently used option is a parametric model specification that assumes a distinct functional form of the production function and includes a set of dummy variables to account for the categorical plot-level characteristics. This specification assumes that the plot-level characteristics can only affect the output level, but not the effects of the other explanatory variables on the output. As it is reasonable to assume that, for instance, the effect of fertilizers and the effect of the cane variety depend on the soil type and the production cycle, one could add interaction terms between the different sets of dummy variables as well as between the dummy variables and the continuous explanatory variables. This would correspond to partitioning the data set into all possible combinations of the categorical plot-level characteristics so that the number of observations would be insufficient to estimate the model in most of the combinations.
An alternative option is to use nonparametric regression methods that can account for the presence of both continuous and categorical explanatory variables Racine and Li, 2004 ). These nonparametric approximations-unlike the most frequently used parametric counterparts-are globally flexible and allow the estimation of a potentially complex relationship between the dependent variable and the continuous and categorical explanatory variables without imposing a specific functional form so that they avoid the problem of functional form misspecification. Another merit of this estimator is that it allows the effect of one explanatory variable on the dependent variable to depend on the values of this and all other explanatory variables. The nonparametric regression model for both continuous and (unordered and ordered)
categorical explanatory variables that we use in our empirical application can be described following Racine and Li (2004) and Li and Racine (2004) 
where (. ) is an unknown smooth function that will be determined by the data itself and is an independent identically distributed (iid) random variable with mean 0 and variance 2 . We use a local-linear approximation of the unknown regression function (. ), i.e. (. ) is approximated by a set of weighted linear regressions performed at each observation, where the weights of the other observations are determined by kernel functions and a vector of bandwidths and decrease with the distance from the respective observation.
In our empirical application, we use the second-order Epanechnikov (1969) kernel to smooth the continuous explanatory variables, the kernel proposed by Racine and Li (2004) to smooth the ordered categorical variables, and the kernel proposed by Li and Racine (2004) to smooth the unordered categorical variables. In order to jointly account for multiple (continuous and categorical) explanatory variables, we use generalized product kernels (see, e.g., Li and Racine, 2003; Hall, Racine, and Li, 2004; Li and Racine, 2007) . 8 While the choice of the kernel function is usually of less importance (Silverman, 1986) , the choice of the bandwidths is the most crucial decision in nonparametric regression (Racine, 2008) . There are different ways to obtain the bandwidths (Racine 2008 ). We select the bandwidths according to the expected Kullback-Leibler criterion (Hurvich et al., 1998) so that-in contrast to rules-of-thumb and plug-in methods-the smoothness and the 8 The kernel functions that we use for continuous and categorical variables as well as the corresponding generalized product kernels, which are used in this paper, are presented in Appendix A.
shape of the regression function are entirely based on the data rather than the analyst's arbitrary decisions. Furthermore, a data-driven bandwidth selection is particularly desirable if categorical variables are present in the model since they have the ability to automatically detect and remove irrelevant categorical variables by smoothing them out (Hall, Racine and Li, 2004) . In the nonparametric estimations, we use the logarithms of the input and output quantities so that the estimated gradients of the input variables can be interpreted as partial production elasticities. We model the planting month and the harvesting month as ordered categorical variables, whereas all other categorical variables are considered to be unordered. As the four subtypes of loamy soil (soil types "A1," "A2," "B1.4," and "BA2") are more similar to each other than to sandy soil (soil type "C1"), we use two categorical variables for the soil type: one categorical variable that only distinguishes between sandy soils and loamy soils and another categorical variable that distinguishes between all five soil types. Similarly, as the first production cycle, i.e. the plant crop, is quite different from the subsequent production cycles, i.e. the ratoon crops, we use one categorical variable that only distinguishes between plant crops and ratoon crops and a second categorical variable that distinguishes between all observed production cycles.
Hence, in our empirical analysis, we estimate the regression model (1) with being the logarithm of the sugarcane output on the plot and consisting of the five continuous explanatory variables (four logarithmic input quantities and the duration of the growing period), two ordered categorical explanatory variables (planting/ratooning month and harvesting month) and six unordered categorical explanatory variables (two variables for soil type, two variables for the production cycle, cane variety, production model).
The flexibility of the local-linear nonparametric regression comes at the cost of possible violations of the properties of production technologies derived from microeconomic theory (e.g. monotonicity). As non-monotone production technologies can result in misleading productivity measures (Henningsen and Henning, 2009 ), we impose monotonicity using the constrained weighted bootstrapping (CWB) method proposed by Hall and Huang (2001) and extended by Du et al. (2013) .
Finally, we assess the statistical significance of each regressor with a nonparametric test for irrelevant regressors (Racine, 1997; Racine, Hart, and Li, 2006) , where the bootstrap method based on independent identically distributed (iid) draws is used to obtain the distribution of the test statistic under the null hypothesis.
Results
The empirical analysis was performed within the statistical software environment "R" (R Development Core Team, 2013) using the add-on package "np" (Hayfield and Racine, 2008) for nonparametric estimations and specification tests.
The bandwidth selection for model (1) according to the expected Kullback-Leibler criterion and the test for irrelevant regressors (Racine, 1997; Racine, Hart, and Li, 2006) unanimously indicate that the harvesting month and the subtype of the loamy soil do not significantly affect the yield (given that we have controlled for other variables such as the planting/ratooning month, the duration of the growing period, and the soil type variable that distinguishes loamy soils and sandy soils). Thus we removed these two categorical variables from our model.
The optimal bandwidths that minimize the expected Kullback-Leibler criterion of the remaining explanatory variables are presented in Table 4 . 9 The bandwidths of continuous variables can range from zero to infinity. When the bandwidth of a continuous variable is more than two times the standard deviation, this variable is modeled approximately linearly (Parmeter et al., 2014) . vs. sandy soil) and the planting/ratooning month indicate that the production functions are quite similar for the different soil types and planting/ratooning months. In contrast, the rather small bandwidth of the variable that distinguishes plant crops from ratoon crops indicates that the production function for plant crops is quite different from the production function for ratoon crops.
TABLE 4 HERE
The plot-level production function that we obtained by kernel regression with the bandwidths indicated in Table 4 violates the monotonicity conditions for three input variables (labor, machinery and intermediate inputs) at some of the observations. 10 In order to make meaningful productivity comparisons, we impose monotonicity using the constrained weighted bootstrapping (CWB) method by constraining the gradients of all four input quantities so that they are non-negative.
We applied the test for irrelevant regressors suggested by Racine (1997) and extended by Racine, Hart, and Li (2006) to the monotonicity-constrained model (see Table 4 ). This test indicates that machinery inputs, intermediate inputs, and all plot-level characteristics have a statistically significant effect on sugarcane production. While the effect of the plot size is only significant at the 10% level, the effect of the labor input is clearly statistically insignificant. This is probably caused by a very high correlation between the (logarithmic) plot size and the (logarithmic) labor input
The mean values of the estimated derivatives/gradients obtained from the model with monotonicity imposed are given in Table 5 . 11 The plot size has the largest output elasticity, while machinery and intermediate inputs have rather low output elasticities. Although outgrowers use more labor and intermediate inputs than the plantation, they achieve considerably higher output elasticities of these two inputs, which indicates that outgrowers use labor and intermediate inputs more effectively than the plantation. The sums of the four output elasticities are mostly between 0.9 and 1.0, both for outgrower plots and for factory-operated plots. This indicates that there are slightly decreasing returns to plot size. 12 The yield increases with the duration of the growing period, where the growthrate is higher on outgrower plots (2.4% per month) than on the plantation (1.1% per month). If the growing period includes two rainy seasons, the outgrowers achieve a higher yield than with only one rainy season, while the sugarcane on the plantation does not gain from a second rainy season (within a given duration of the growing period). The optimal month for planting and ratooning is 10 The distributions of the estimated gradients of the inputs and thus the prevalence of monotonicity violations are presented in Table B1 in appendix B.
11 We report the mean values of the gradients estimated by the unconstrained model in Table B2 in appendix B.
12 We have conducted a formal test to check whether the production function exhibits constant returns to scale, which can be interpreted as constant returns to plot size when analyzing plot-level data. The test was conducted by dividing the output quantity and all input quantities by the plot size and adding the logarithmic plot size as an additional explanatory variable so that the regression function becomes log( ⁄ ) = * (log( ℎ ⁄ ) , log( ⁄ ) , log( ⁄ ) , log , … ). In case of constant returns to scale, the plot size (regressor log ) has no effect on the yield per area (dependent variable log( ⁄ )) in the above equation. The test for irrelevant regressors suggested by Racine (1997) and extended by Racine, Hart, and Li (2006) rejects constant returns to scale (P-value < 0.001). As robustness tests, we repeated this test by using one of the three other inputs ( ℎ , , ) instead of for normalization. Constant returns to scale (plot size) are rejected when normalizing with (P-value < 0.001) and (P-value < 0.001), but not when normalizing with ℎ (P-value = 0.158).
March, because postponing the planting/ratooning from October to March (holding the duration of the growing period constant) increases the yield, while postponing the planting/ratooning further generally decreases the yield. While outgrowers achieve a higher productivity with ratoon crops (particularly in the second ratoon) than with plant crops, the plantation generally achieves higher productivity with plant crops than with ratoon crops (except for the second ratoon). The productivity on sandy soils is almost 5% higher than on loamy soils.
TABLE 5 HERE
The productivity of the outgrowers' plots is on average 13.2% higher than it would have been if the plots had been operated by the factory. If the factory-operated plots had been operated by the outgrowers, the productivity on theses plots would have been on average only 2.3% higher (although still statistically significantly greater than zero 13 ). The advantage of outgrower production is much larger on the outgrower plots than on the factory-operated plots (see Figure 4 14 ) because outgrower plots have a longer growing period, a higher proportion of ratoon crops and crops that are on the field for two rainy seasons (see Table 3 ) and because the outgrowers are particularly successful in achieving high productivity under these conditions (see Table 5 ). We find that the factory-operated plots are approximately as productive as the outgrowers' plots in the first production cycle (i.e. when cultivating plant crops) (see Figure C3 in the Appendix C), when the duration of the growing period is short (max. 14 months) and there is only one rainy season in the growing period (see Figure C4 in the Appendix C). However, in general, the outgrowers are much more productive than the factory when cultivating ratoon crops and when the duration of the growing period is medium or long (15 or more months) and when the growing period includes two rainy seasons.
The empirical findings of this study confirm our hypothesis that productivity is-ceteris paribushigher on outgrower-operated plots than on the factory-operated plantation. In particular, the outgrowers perform well compared to the plantation in situations where a lot of manual labor is required (e.g. in the case of ratoon crops and if the growing period includes two rainy seasons).
FIGURE 4 HERE
13 We used a t-test for paired samples to test the difference between the predicted output of factory-operated plots assuming that they were managed by outgrowers and the predicted output of the factory-operated plots assuming that they were managed by the factory. The mean of the differences is 0.023 (t = 7.011, df = 317, P-value < 0.001). 14 The unconstrained model gives similar results (see Figure C1 in appendix C). The distribution of these effects over all plots in the sample is illustrated in Figure C2 in appendix C.
Since higher productivity does not necessary mean higher profitability, we examine the gross margin (in ETB) of the two production models. For this analysis, we use the logarithm of the gross margin of the plot 15 as the dependent variable and include the plot size, the number of rainy seasons, the soil type, the duration of the growing period, the planting/ratooning month, the production cycle, and the production model as explanatory variables. Except for the different dependent variable and the removal of the three variable input quantities (labor, machinery, intermediate inputs), we use the same nonparametric model specification as in our model for analyzing plot-level productivity. As the number of rainy seasons had an optimal bandwidth of one (which means that it is smoothed out) and was statistically insignificant, we removed it from the gross margin model. All other explanatory variables are statistically significant at least at the 5% significance level. The optimal bandwidths, the significance levels, and the mean values of the estimated derivatives/gradients for the gross margin model are given in Tables B3 and B4 in appendix B.
The estimated effects of outgrower management (compared to factory management) on plot-level gross margin are illustrated in Figure 5 . Our analysis shows that outgrowers achieve a higher gross margin than the factory plantation. The effects of outgrower management on the gross margin are even greater than the effects on productivity. On plots that are operated by the outgrowers, the outgrowers achieve on average a 21.4% higher gross margin than the factory would have achieved on these plots. On plots that are operated by the factory, the outgrowers would have achieved on average a 7.6% higher gross margin than the factory achieved on these plots.
16
FIGURE 5 HERE
15 Gross margin per plot was calculated as the total sugarcane yield per plot (in quintals) multiplied by the price of cane (ETB/quintal) minus the total input costs of labor, intermediate inputs and machinery per plot (in ETB). 16 The difference in the gross-margin on the factory-operated plots is statistically significant only at the 10% level.
Conclusion
We applied a non-parametric kernel regression method to a new plot-level data set in order to compare the productivity of factory-operated and outgrower-operated sugarcane production in Ethiopia. Our study shows that the outgrowers achieve on average significantly higher productivity and a significantly higher gross-margin than the factory plantation. Our finding is consistent with the majority of previous studies, which suggest that small-scale farmers have higher productivity than large-scale production due to the high productivity of family labor compared to hired labor.
While previous studies could only analyze the joint effect of incentives and access to credit and technologies, we can conclude that the identified productivity difference between the two production types in our study is solely caused by different incentive structures between the outgrowers and the laborers and managers at the plantation. The policy implication of this research is that the expansion of sugarcane production through establishing outgrower schemes may result in higher productivity than through extending factory-operated plantations. Racine (1997) and extended by Racine, Hart, and Li (2006) applied to the monotonicity-constrained model. Note: the derivatives/gradients of the logarithmic input variables are equal to the output elasticities of these inputs; the derivatives/gradients of the production cycle represent the joint effects of the two variables that indicate the production cycle.
Tables
Source: Own estimatimations
Source: Own estimatimations In a multivariate case with continuous regressors, = ( 1 , … , ), Li and Racine (2007) suggest using a generalized product kernel of univariate kernel functions defined as:
where ( Note: the derivatives/gradients of the logarithmic input variables are equal to the output elasticities of these inputs; the derivatives/gradients of the production cycle represent the joint effects of the two variables that indicate the production cycle. Note: the derivatives/gradients of the production cycle represent the joint effects of the two variables that indicate the production cycle. Figure C2 . Distribution of the effects of outgrower management (compared to factory management) on plot level productivity on all plots in the sample. Figure C3 . Effects of outgrower management (compared to factory management) on plot-level productivity under different production cycles. Figure C4 . Effects of outgrower management (compared to factory management) on plot-level productivity on plots with different numbers of rainy seasons in the growing period.
